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ABSTRACT
JWST’s Near-Infrared Imager and Slitless Spectrograph (NIRISS) includes an Aperture Masking Interferometry
(AMI) mode designed to be used between 2.7µm and 4.8µm. At these wavelengths, it will have the highest
angular resolution of any mode on JWST, and, for faint targets, of any existing or planned infrastructure.
NIRISS AMI is uniquely suited to detect thermal emission of young massive planets and will permit the
characterization of the mid-IR flux of exoplanets discovered by the GPI and SPHERE adaptive optics surveys.
It will also directly detect massive planets found by GAIA through astrometric accelerations, providing the
first opportunity ever to get both a mass and a flux measurement for non-transiting giant planets. NIRISS
AMI will also enable the study of the nuclear environment of AGNs.
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1. INTRODUCTION
The Near-Infrared Imager and Slitless Spectrograph (NIRISS1) is one of the four instruments on board of the
James Webb Space Telescope. NIRISS includes a near-infrared (1 − 2.5µm) Wide-Field Slitless Spectroscopy
(WFSS) mode at low resolution, mostly tuned for the detection of first-light galaxy and the study of galaxy
assembly. There is a defocussed Single-Object Slitless Spectroscopy (SOSS) mode for high-accuracy transit
spectroscopy, largely targeted toward transit spectroscopy of bright exoplanet host stars. The third mode
is the non-redundant mask (NRM) aperture masking interferometry (AMI). By masking most of the pupil
except certain positions, this masks lifts the ambiguity between pupil-space aberrations and image-plane point-
spread function thus side-stepping the limitations imposed by speckles in filled-pupil observations (see figure 1,
bottom). In this mode, most of the pupil is masked, leaving open a set of 7 holes that spawn non-redundant
baselines across the pupil, sampling 21 baselines with sizes projected on the JWST pupil ranging from 1.32m
to 5.28m (center to center). The 7 hexagonal holes together cover 15% of the pupil surface and each have a
projected flat-to-flat width of 0.8m. The AMI is tuned to detect faint structures of simple geometry between
0.5 and a few λ/D next to bright sources, either planetary companions to stellar hosts2 or bars and disks
within active galaxy nuclei.3 AMI will also observe the immediate environment of supermassive black holes
(SMBHs) in brighter active galactic nuclei (AGNs3), which should afford tests of cosmological theories and
insights into galaxy evolution. Envisioned exoplanet work with the NIRISS AMI includes the mid-infrared
follow-up of exoplanets uncovered by the ongoing campaigns with the GPI4 (Gemini) and SPHERE5, 6 (ESO-
VLT) high-contrast imagers, as well as direct detection of planets uncovered by astrometric acceleration by the
GAIA mission.
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Figure 1. Top: Schematics of the NIRISS wheels. The pupil wheel (left) contains photometric filters blueward of 2.5µm,
that can be combined with the low-resolution grisms (GR150 on the filter wheel), the intermediate resolution grism
GR700 for single-object slit-less spectroscopy (SOSS), an undersized pupil for use in imaging with redder filters and,
lastly, the NRM mask with its 7 apertures. The filter wheel includes two low-resolution grisms (WFSS) and six filters
redward of 2.5µm. The NRM mask is designed to be used with 3 of these filters (F380M, F430M, F480M) providing
non-redundant baseline through the bandpass. Bottom left: NIRISS NRM mask projected on the JWST pupil (white
hexagons). The outline of the full JWST pupil is also shown (dark grey). Bottom center: u− v coverage of the JWST
pupil, the pupil coverage is non-redundant. Bottom right: Oversampled NIRISS AMI point-spread function.
The NIRISS AMI mask is designed to be used in conjunction with 3 medium-band filters at 3.8µm, 4.3µm
and 4.8µm, but can also be used with degraded sensitivity with a broad band filter centered at 2.77µm7 (see
Figure 1 for the NIRISS pupil and filter wheel setup). In addition to its science usage, the AMI mode in NIRISS
is also foreseen as a segment-phasing option in addition to the nominal JWST segment phasing strategy,8 thus
reducing mission-level risks.
2. NIRISS NRM FILTER CHOICES
The 3 main filters for NIRISS AMI where chosen as, within the domain of interest of this mode (2.5− 5.0µm),
they provide the best constraints on the properties of ultracool companions to young stars. Furthermore, the
filters were chosen with relatively narrow bandpasses as to preserve the non-redundancy of u− v coverage. A
fourth filter can be used, F277W, that samples a deep water feature centered at 2.7µm. Figure 2 illustrate the
bandpasses of these filters relative to the theoretical spectrum of a 900K object at the brown dwarf/planetary
mass limit. Within this filter the NIRISS AMI PSF is slightly undersampled and u − v coverage is partially
redundant, but it will nevertheless provide useful information at moderate contrasts. The F380M filter samples
a relatively clear part of the spectrum, avoiding deep absorption by CO, CH4 and water while F430M and F480M
sample a CO feature; this leads to increasingly red mF380M −mF430M and mF380M −mF480M colors for cooler
objects. The mF380M−mF430M color is largely a tracer of effective temperature for objects cooler than ∼1600K
(see figure 3, left panel), objects hotter than ∼1600K have a near-constantmF380M−mF430M color. The depth
and shape of the CO and water features probed by the F430M and F480M are both temperature and surface-
gravity dependent. For objects cooler than ∼2000K, the mF430M−mF480M color increases monotonically with
decreasing temperature, but low gravity objects (log g ∼4.5 versus 5.5) are systematically redder by ∼0.2mag.
For temperatures below ∼1700K, the position of an object in the F380M, F430M and F480M color-color
diagram uniquely constrains both its surface gravity (and therefore mass) and temperature.
At higher temperatures (∼2000K or a spectral type among early Ls), there is degeneracy between tem-
perature and surface gravity that can be lifted by using photometric measurements with the F277W filter
(figure 3, right panel). As it probes an absorption band that becomes largely saturated for ultracool dwarfs,
the F277W filter is mostly relevant for hotter objects (Teff > 1000K); for cooler objects, colors combining the
F277W and longward filters become very red (e.g., mF277W −mF430M > 4), and detections at F227W become
challenging, leading only to upper limits. As the broad bandpass and coarse sampling of the F277W filter leads
to a degraded performance, it is convenient that its principal use will be to determine the properties of the
hottest, and therefore brightest, companions.
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Figure 2. Theoretical spectrum9 of an ultracool dwarf with an effective temperature of 900K and a surface gravity
of log g=4.5 between 2.0 and 5.5µm overplotted with the bandpasses of filters that can be used with the NIRISS AMI
mode.
3. SATURATION LIMIT
Saturation limits for AMI are important in determining the extent to which it can be used on the brightest
targets. The useful limit of the AMI mode is difficult to estimate, as the relevant information on the high spatial
frequencies is preserved in the outer parts of the point-spread function and this, in principle, be recovered even
if the PSF core is saturated. Image-plane extraction techniques are being explored to take advantage of this
fact, but we conservatively assume that the data analysis for the AMI will be done in the Fourier domain,
which requires an unsaturated point-spread function core.
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Figure 3. Color-color diagrams for the F380M, F430M and F480M filters (left) and F277W, F430M and F480M filters
(right) for brown dwarf and planetary-mass objects of varying effective temperature (500K to 2300K) and surface
gravity (log g = 4.5, 5.0 and 5.5). The choice of filters for the AMI mode is such that the position of an object in these
color-color diagrams constrains its bulk physical properties.
Saturation has been estimated by dithering a point-spread function at 25 field positions uniformly using
the WebbPSF tool∗. We generated PSFs on a grid of 25 spatial positions sampling pixels by 0.2 pix step, and
used 15 wavefront error maps (144, 162 and 180 nm RMS for the JWST pupil with 5 random phases each) to
generate a total of 375 PSFs. For each PSF, we determined the ratio of the brightest pixel to the total flux in
the PSF, to establish a saturation magnitude. We assumed a 80 × 80 pixel subarray for the AMI mode with
a 41ms readout-time (10µs per pixel) and a saturation at half-well (35 000 e−). Only a small fraction of the
entire PSF flux falls within the brightest pixel, and this fraction varies depending on the PSF centering relative
to the pixel grid. To convert the saturation limit to the WISE photometric bandpasses†, we assume a Jeans
tail stellar flux distribution (λ−4 decrease), which is a reasonable assumptions for stars without emission lines.
Saturation limits are reported in the WISE-1 for F277W and F380M and WISE-2 for F430M and F480M. The
use of the WISE system to establish saturation levels has the advantage that one can readily know whether a
given star should saturate as photometric measurements in this system are available for the entire sky. Table 1
summarizes the properties of the NIRISS AMI filters and their respective saturation limits.
Only for nearby and relatively early-type stars does saturation become an issue. For example, detection
of companions around stars in the Upper Scorpius association or the Pleiades (both at ∼ 130 pc, distance
modulus of ∼ 5.6), a saturation limit of W1 = 3.7 (worst case among the nominal filters for AMI) implies an
MW1 ∼ −1.8, which corresponds to a late-B star. Planet searches around later-type stars in both regions will
not be problematic. Around a late-B star in either group, companions at contrasts of ∼ 9 magnitudes would
be of ∼M6 spectral type and can be studied from the ground on 8m-class telescopes in L and M bands as
thermal background is not an issue for such bright targets, so there is, overall, no gap in the ∼ 4µm coverage
for these associations.
For nearby young moving groups, saturation can be an issue for Solar-type stars, for example, at 30 pc,
the saturation limit of W1 = 4.2 corresponds to MW1 = 1.8, or an early-A spectral type. Figure 4 illustrates
the sample of young (<120Myr) nearby (<60 pc) stars. The sample of 963 stars and brown dwarfs includes
∗http://www.stsci.edu/jwst/software/webbpsf
†http://wise2.ipac.caltech.edu/docs/release/prelim/expsup/sec4 3g.html
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Figure 4. Histogram of distance to young and suspected young stars (< 120Myr) within 60 pc (black). Cyan histogram
shows stars that are amenable to high-contrast imaging with GPI; from this sample, about 50% of all GPI targets will
be saturated in F277W (red), but only a few tens saturated in redder filters.
both confirmed and suspected young targets of all spectral types. Only a handful early-type young star beyond
∼ 35 pc are expected to saturate the AMI in the 3 longer filters, and a total of 40, 37 and 24 targets will
saturate in F380M, F430M and F480M filters respectively. A much larger fraction of the sample, 337 stars, is
expected to saturate in the F277W filter as it is broader, bluer (i.e. closer to the black body peak of stars)
and has a coarser pixel sampling (more flux falls within central pixel of the PSF). More than half of the 424
stars observable with GPI (roughly I ∼ 9) will therefore be challenging to observe at 2.77µm and will require
image-plane retrieval techniques to detect their faint companions.
Table 1. NIRISS NRM filter properties
Filter λ ∆λ/λ IWA1 OWA2 Fraction of flux Saturation
in brightest pixel (max) (35 000e− )
F277W 2.78µm 26.3% 54mas 216mas 0.052 W1 = 7.2
F380M 3.83µm 5.4% 74mas 297mas 0.028 W1 = 4.2
F430M 4.29µm 5.0% 84mas 336mas 0.022 W2 = 3.5
F480M 4.82µm 6.4% 94mas 375mas 0.018 W2 = 3.1
1Inner working angle as defined λ/(2D), where D is the longest AMI baseline (5.28m). Structures slightly
smaller than this scale can be measured under very simple geometry, but sensitivity decreases rapidly (see
figure 5).
2Outer working angle where structures become resolved by individual NRM mask holes and pupil ceases to be
non-redundant.
4. NIRISS PLANET DETECTION LIMITS
We performed a detailed simulation of the NRM AMI mode to determine the sensitivity of this mode. The
simulations were performed using the numerical recipes described by Sivaramakrishnan et al.8 assuming a 1%
bad pixel fraction, a 5× 10−3e−/s dark current and an on-target integration time of 1 h. Model-fitting of the
scene was performed in the pupil plane. The 5-σ contrast curves shown in figure 5 illustrate the sensitivities for
a range of stellar brightnesses. Assuming a distance of 30 pc and an age of 120Myr, typical of many targets in
the nearby young associations (e.g. Malo et al.10 and references therein), contrasts of ∼9mags around Sun-like
stars are possible, reaching planetary-mass companions with an absolute magnitude of M4.8 ∼13 in the Vega
system. In a young association, an M4.8 ∼13 companion would have∼T7 spectral type
11 and mass about 6 times
that of Jupiter according to substellar evolution models,12 not unlike the free-floating planetary-mass member
of AB Doradus member CFBDSIR2149.13 The contrast for cooler hosts, stellar or substellar, leads to the
detection of even cooler companions. Around a mid-M primary, the 7 magnitude contrast allows the detection
of companions down to M4.8 ∼14, which corresponds to ∼T9 spectral type and masses of 3-4MJup, lighter
than any directly detected planetary companion. Around substellar companions, tight binaries comparable to
2M1207AB14 can be detected with companions as light as 1− 2MJup. This is especially interesting in the view
of the discovery of numerous very low mass member of nearby moving groups,15, 16 and the recent discovery of
an object at the planet/brown dwarf binary around one of these members.17
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Figure 5. Contrast curves for host stars of various brightnesses (mF480M = 6.5, 7.5, 9.5, 11.5). For a host distance of
30 pc and an age of 120Myr, typical of many young stars in our neighborhood, this would correspond to host spectral
types of G8V, M0V, M4V and L0. The saturation of the gain in contrast for bright targets shows that we are reaching
a regime around mF480M = 6.5 where photon-noise is no longer the dominant cause of error; contributions such as
intrapixel response and flat-field accuracy then become important.
5. NIRISS NRM AS A FOLLOW-UP TOOL FOR GROUND-BASED EXTREME AO
SURVEYS
The GPI4 (Gemini) and SPHERE5, 6 (VLT-ESO) are being used to undertake large-scale surveys for self-
luminous exoplanets around nearby young stars. This consists of a sizeable investment in observing time,
900h in the case of GPI and 500 nights for SPHERE. Low-resolution spectroscopy of these planets will be
obtained in the near-infrared (1− 2.5µm), but mid-infrared observations will be very challenging (e.g., L-band
observations of HR8799’s planets18–20) or impossible for ground-based observatories due to their high thermal
background. The 2.5− 5.0µm domain is key in establishing the effective temperature of exoplanets expected to
be uncovered (typically 400− 1000K), as their spectral energy distribution (SED) peaks at those wavelengths.
Photometry within this domain is also sensitive to metallicity enhancements that are expected from planets
forming through core accretion. Furthermore, brown dwarfs within this domain are known to show out-of-
equilibrium carbon chemistry (traced by CO versus CH4 ratio), leading to diagnostic changes in the ∼4µm
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Figure 6. Contrast at 4.8µm versus separation for a typical sample of planets expected from the GPI campaign. Planets
beyond 0.5′′ will be detectable with NIRCam coronagraph while NIRISS AMI provides complementary spatial coverage
between 0.1 and 0.5′′ for the brightest planets.
SED (see in particular Figure 6 in Skemer et al.18). Simulations of the expected yield of the GPI exoplanets
have been performed and transposed to the NIRISS AMI filters. GPI will be sensitive to planets at projected
separations of 0.15 to ∼1′′, the inner half of this domain being inside the AMI’s outer working angle. Planets
beyond ∼0.5′′ will be detectable over the same wavelength domain through NIRCam’s coronagraphic mode,
providing a complementary coverage. As shown in figure 6, roughly half of the planets with separations smaller
than 0.5′′ will be detected in < 1 h with the NIRISS AMI. Planets at larger contrasts (9 − 11 mag) may be
detectable using longer sequences, but establishing whether this is realistic or not when taking into account
systematics remains to be established.
6. GAIA FOLLOW-UPS
The GAIA‡ astrometric mission successfully launched by ESA in December 2013. GAIA will provide exquisite
astrometry for 1 billion stars and uncover21 about 4000 planets within 100pc in the 1.5− 13MJup mass range.
Some of these stars will be young (< 120Myr), and their planetary companions could be detected with the
AMI. These planets occupy a unique parameter space: their true (i.e. not model-dependent) masses can be
determined directly from the GAIA dataset alone or in combination with radial-velocity follow-ups, and they
can be directly detected with the NIRISS AMI. Here, angular resolution is key, planets at 0.1′′ around a
mid-K star 30 pc from the Sun orbit their host in ∼5 yr (see figure 7) and are detectable with the NIRISS
AMI. To be detected with NIRCam’s coronagraph,22, 23 the prime instrument aboard JWST to detect more
distant companions at these wavelengths, the planet would have to be at 0.5 − 1.0′′, depending on contrast
thus leading to orbital periods of 11 to 31 times longer. NIRISS AMI therefore has a unique niche, in being
able to detect planets that can have their dynamical mass measured in a manageable time frame (< 25 yr). As
shown in figure 7 for stars in 30Myr-old associations (Tucana-Horologium, Columba & Carina), the NIRISS
AMI will be able to detect planets as light as 1− 3MJup depending on host brightness. These planets induce
reflex motions of > 0.5milliarcsecond (defined as the semi-major axis of the planet’s motion), amply above the
GAIA detection threshold. These planets also induce line-of-sight radial-velocity changes of > 50m/s, readily
detectable by stabilized RV spectrographs. Planets as light as ∼4MJup can be found around Gyr-old L dwarfs
(see figure 7, right), while brown-dwarf mass > 13MJup companions will be found around hosts earlier than
mid-M.
‡http://sci.esa.int/gaia/
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Figure 7. Detection limit for the NIRISS AMI mode expressed as a function of host temperature and spectral type
versus companion mass. Here we assume that stars are located at 30 pc, a distance typical of many young nearby stars
and that the companion has a separation of 0.1′′, corresponding roughly to the separation at which NIRISS AMI reaches
a plateau in sensitivity (see figure 5). Green, orange and yellow areas correspond to a signal-to-noise ratio of > 10,
5− 10 and 3− 5 respectively. Dashed lines indicate the orbital period at that separation, ranging from a few years for
the earliest-type hosts to > 25 years for L-type hosts. Astrometric and typical radial-velocity signal for targets close to
the detection limit are also shown. The left panel shows the case for a 30Myr-old system while the right panel shows
the case of a Gyr-old system. Note that the mass scale on the two graphs differ, companions at a given temperature
are much more massive at later ages as low-mass companions cooldown on timescales of a few hundred million years.
7. AGN SCIENCE WITH NIRISS
Accretion onto super-massive black holes (SMBHs; 106 − 109 M⊙) at the centers of active galactic nuclei
(AGNs) is believed to play a key role in Lambda-Cold Dark Matter (ΛCDM) cosmology and galaxy formation.24
However, the extreme luminosities of AGNs25 (1010− 1016 L⊙) make imaging of their surrounding a challenge.
The problem is exacerbated by the small angular size of the parsec-scale accretion flows at typical AGN
distances, often more than 10Mpc. Ford et al. (2014)3 demonstrate that true imaging at 4.5µm will enable
NIRISS AMI to study the environments of accreting SMBHs. After including realistic NIRISS and Webb
noise sources and operational plans, Ford et al. report that AMI will map extended structure at 70mas
angular resolution and a dynamic range of 100:1 (see figure 8). Such data can test models of AGN binarity,
feedback, fueling and structure, and will complement longer wavelength observations of, for example, the
Atacama Large Millimeter/submillimeter Array. Comparable high-resolution imaging of AGN is not possible
with any ground-based infrared interferometer or telescope for at least three reasons: (a) thermal background
on ground-based telescopes limits them to a handful of bright targets, (b) fluctuating amplitude and phase
error due to atmospheric variability hamper credible image reconstruction unless a prior model of the object
is invoked, and (c) good adaptive-optics compensation is limited to the brightest few targets. NIRISS AMI
can complete a survey of a dozen bright AGNs with a total of about 200 minutes of exposure, in spite of the
15% throughput of the non-redundant mask. The cosmological model of hierarchical galactic mergers predicts
an abundance of SMBH mergers. If merging black holes continue to accrete, then binary AGN in galaxies
should be commonplace. Nevertheless, very few such nuclei have been observed to date.26 NIRISS AMI will
resolve binary AGN as close as 70 mas or 17 pc at a distance of 50 Mpc. This performance improves upon
current ground-based optical or IR interferometry, especially when dust obscures the AGN in the shorter JHK
near-infrared bandpasses.
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flux from the bar is 1 magnitude fainter than the point source. (b) The bar is 2 magnitudes fainter than the point
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under Grant No. DGE-1232825.
REFERENCES
[1] Doyon, R., Hutchings, J. B., Beaulieu, M. et al, “The JWST Fine Guidance Sensor (FGS) and Near-Infrared
Imager and Slitless Spectrograph (NIRISS),” Proc. SPIE 8442 (2012).
[2] Sivaramakrishnan, A., Lafrenie`re, D., Tuthill, P. G. et al, “Planetary system and star formation science
with non-redundant masking on JWST,” Proc. SPIE 7731 (2010).
[3] Ford, K. E. S., McKernan, B., Sivaramakrishnan, A., Martel, A. R., Koekemoer, A. & Lafrenie`re, D., and
Parmentier, S., “Active Galactic Nucleus and Quasar Science with Aperture Masking Interferometry on the
James Webb Space Telescope,” ApJ 783, 73 (2014).
[4] Macintosh, B., Graham, J. R., Ingraham, P. et al, “The Gemini Planet Imager: First Light,” ArXiv
e-prints 1403.7520 (2014).
[5] Beuzit, J.-L., Feldt, M., Dohlen, K. et al, “SPHERE: a planet finder instrument for the VLT,” in [Society
of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ], Society of Photo-Optical Instru-
mentation Engineers (SPIE) Conference Series, 7014 (2008).
[6] Beuzit, J.-L., Boccaletti, A., Feldt, M. et al, “Direct Detection of Giant Extrasolar Planets with SPHERE
on the VLT,” in [Pathways Towards Habitable Planets ], Coude´ du Foresto, V., Gelino, D. M., and Ribas,
I., eds., Astronomical Society of the Pacific Conference Series, 430, 231 (2010).
[7] Greenbaum, A.Z., P. L. S. A. L. S., “An image-plane algorithm for JWST’s non-redundant aperture mask
data,” submitted to ApJ (2014).
[8] Sivaramakrishnan, A., Lafrenie`re, D., Ford, K. E. S. et al, “Non-redundant Aperture Masking Interferom-
etry (AMI) and segment phasing with JWST-NIRISS,” Proc. SPIE 8442 (2012).
[9] Allard, F. & Homeier, D., and Freytag, B., “Model Atmospheres From Very Low Mass Stars to Brown
Dwarfs,” in [16th Cambridge Workshop on Cool Stars, Stellar Systems, and the Sun ], Johns-Krull, C.,
Browning, M. K., and West, A. A., eds., Astronomical Society of the Pacific Conference Series, 448, 91
(2011).
[10] Malo, L., Doyon, R., Lafrenie`re, D. et al, “Bayesian Analysis to Identify New Star Candidates in Nearby
Young Stellar Kinematic Groups,” ApJ 762, 88 (2013).
[11] Dupuy, T. J. and Liu, M. C., “The Hawaii Infrared Parallax Program. I. Ultracool Binaries and the L/T
Transition,” ApJS 201, 19 (2012).
[12] Chabrier, G., Baraffe, I. & Allard, F., and Hauschildt, P., “Evolutionary Models for Very Low-Mass Stars
and Brown Dwarfs with Dusty Atmospheres,” ApJ 542, 464–472 (2000).
[13] Delorme, P., Gagne´, J., Malo, L. et al, “CFBDSIR2149-0403: a 4-7 Jupiter-mass free-floating planet in
the young moving group AB Doradus?,” A&A 548, A26 (2012).
[14] Chauvin, G., Lagrange, A.-M., Dumas, C. et al, “Giant planet companion to 2MASSW J1207334-393254,”
A&A 438, L25–L28 (2005).
[15] Gagne´, J., Lafrenie`re, D., Doyon, R., Malo, L., Faherty, J., and Artigau & E´., “Bayesian analysis to
identify very low-mass members of nearby young stellar kinematic groups,” MmSAI 84, 916 (2013).
[16] Gagne´, J., Lafrenie`re, D., Doyon, R., Malo, L., and Artigau & E´., “BANYAN. II. Very Low Mass and Sub-
stellar Candidate Members to Nearby, Young Kinematic Groups with Previously Known Signs of Youth,”
ApJ 783, 121 (2014).
[17] Delorme, P., Gagne´, J., Girard, J. H. et al, “Direct-imaging discovery of a 12-14 Jupiter-mass object
orbiting a young binary system of very low-mass stars,” A&A 553, L5 (2013).
[18] Skemer, A. J., Hinz, P. M., Esposito, S. et al, “First Light LBT AO Images of HR 8799 bcde at 1.6 and
3.3 µm: New Discrepancies between Young Planets and Old Brown Dwarfs,” ApJ 753, 14 (2012).
[19] Marois, C., Zuckerman, B., Konopacky, Q. M. & Macintosh, B., and Barman, T., “Images of a fourth
planet orbiting HR 8799,” Nature 468, 1080–1083 (2010).
[20] Galicher, R., Marois, C., Macintosh, B. & Barman, T., and Konopacky, Q., “M-band Imaging of the HR
8799 Planetary System Using an Innovative LOCI-based Background Subtraction Technique,” ApJL 739,
L41 (2011).
[21] Casertano, S., Lattanzi, M. G., Sozzetti, A. et al, “Double-blind test program for astrometric planet
detection with Gaia,” A&A 482, 699–729 (2008).
[22] Green, J. J., Beichman, C., Basinger, S. A. et al, “High contrast imaging with the JWST NIRCAM
coronagraph,” Proc. SPIE 5905, 185–195 (2005).
[23] Beichman, C., Doyon, R., Greene, T. et al, “Observing Planets with JWST/NIRCAM,” in [In the Spirit
of Lyot 2010 ], (2010).
[24] Silk, J. and Nusser, A., “The Massive-black-hole-Velocity-dispersion Relation and the Halo Baryon Frac-
tion: A Case for Positive Active Galactic Nucleus Feedback,” ApJ 725, 556–560 (2010).
[25] Kauffmann, G. and Heckman, T. M., “Feast and Famine: regulation of black hole growth in low-redshift
galaxies,” MNRAS 397, 135–147 (2009).
[26] Liu, X., Greene, J. E. & Shen, Y., and Strauss, M. A., “Discovery of Four kpc-scale Binary Active Galactic
Nuclei,” ApJL 715, L30–L34 (2010).
